This paper describes an educational simulator developed in the software Engineering Equation Solver to simulate the behavior of a vapor compression system. The application is focused on educational purposes, specifically for handling skills in refrigeration facilities by students in engineering careers. Using this simulator, the students are able to analyze easily the influence of the measured parameters (such as the compressor rotation speed, volumetric flow rates and temperature of the secondary fluids) on the energy performance of the facility and its components. The virtual test bench consists of a primary screen showing a general scheme of the vapor compression facility with input and output parameters. From this primary screen, the performance of the main components can be analyzed. Finally, this virtual test bench was tested by engineering students, concluding that the simulator is an interesting tool as improvement and support for learning in different subjects.
Nomenclature

Introduction
Higher education institutions adapt their programs as scientific and technological advances emerge, providing students with the necessary tools for a relevant learning. Furthermore, within the engineering teaching process, scientific thinking and engineering skills should be noted by using information and communication technologies, which leads to an increased motivation and efficiency in problem solving [1] . The educators in the engineering field have invented several new and innovative ways of teaching subjects. In this context, the engineering programs look for the use of different tools as software and virtual labs for teaching in different areas [2, 3] . Acquiring the ability to work with computer programs that enrich learning is part of the formation of any engineering student. In relation to the courses offered in the thermal engineering area, there is a need to reinforce the knowledge acquired in the classroom at a laboratory level. In various subjects, experimental benches are necessary for the completion of practices that complement the theoretical part. However, certain disadvantages sometimes occur when there is a limited access to such facilities. For instance, there are many very specific practices, which are analyzed for given operating conditions; in other situations, we are working with large groups of students due to the availability of the facility, and in many cases, the time of completion of the practice is too long. Thus, a virtual test bench represents an opportunity as a complementary tool in learning for engineering students. On the other hand, these simulators and virtual labs can be used as tools to help students to understand the performance of the whole simulated system of each separate component and the relations among them. In different areas of thermal engineering, it is possible to find educational simulators; such is the case of Dsym, a simulator developed in Pascal and Delphi environment [4] by incorporating fundamental equations, mass and energy balances, and equilibrium equations. The authors encourage students to learn in a simple and iterative way by a thermodynamic simulation of distillation towers. An alternative for the analysis and optimization of hydraulic and thermal models is the use of an Excel spreadsheet application implemented for conducting thermal power cycles, evaluation and the search for optimal designs of hydraulic network systems [5] . Another example is the software developed in Visual Basic EasyCFD used as a tool for educational purposes in the simulation of dynamics fluid and energy transfer [6] . The software CyclePad [7] is used to analyze and design thermodynamic cycles such as power plants, engines, refrigeration and heat pumps. Students using the software as an indication can find all the information about components and equipment, which can be coupled to construct thermodynamic cycles and its analysis by assigning input parameters. Educational software for teaching and learning about the dynamics and control of shell and tube heat exchangers allows students to change operation and design conditions such as temperature, number and length of tubes, diameter of tubes, etc. [8] . In a similar way, educational software for the design of heat exchanger networks is presented [9] , the program is able to assist students through all the main steps of the design, including the energy and cost targeting, design, the heat exchanger network, and the optimization analysis. The use of the program improves the efficiency of the course since it lets students practice the concepts on the pinch method while relieving them of tedious and repetitive calculations. Thus, the simulations are recognized as an efficient and effective method in teaching and learning in the field of engineering. The researchers and students using these tools should be fully aware of the physical principles underlying the thermal energy systems under consideration. In the thermal area, the theoretical basis acquired by the students in the classroom is very important and, the software using can simulate operating conditions, to improve the knowledge and understanding, all of this without leaving apart the experimental part. Then, using a computational tool in thermal engineering area is essential, to education, scientific research and industrial applications. The practical experience is essential for good control and improvements in engineering education as well as to achieve a balance between theory and practice, and to encourage active science [10] .
Refrigeration teaching
Nowadays, the field of vapor compression refrigeration system is the most prevalent type worldwide in domestic refrigeration, commercial and industrial refrigeration and air conditioning. These systems represent considerable energy consumption [11] . For instance, vapor compression chillers in office buildings consume about 50% of the total energy for air conditioning systems, and due to the demand on thermal comfort in buildings, HVAC systems consume about 50% energy [12] . Thus, it is very important that in a mechanical engineering degree program, any student understands the energy and environmental behavior and management of such system. These systems also have a negative impact on the environment due to the use of refrigerants with a high value of global warming [13] . Therefore, [14] developed a thermodynamic compression system to predict the performance of a vapor compression system using alternative refrigerants. In the literature, some works are focused on education programs for vapor compression systems. Some of them characterize the behavior of individual components; others focus on the overall behavior of the installation by predicting its performance. For instance, [15] through physical basic fundaments and simple considerations, generated a tutorial for a refrigeration cycle with the goal of reinforcing theoretical concepts to students of Applied Thermodynamics, which allows them to understand the effects in the global operation of the system. A software called SYSREF developed in Visual Basic language for simulation of different cycles of a vapor compression system, primarily focused on the teaching of this technology [16] . This software has several features among the most important are: libraries for components and refrigerants, user-friendly interface and an option for the construction of different refrigeration cycles. The SYSREF software analyzes the influence of input parameters on the performance of components and the global system. CoolPack [17] is a free software developed for simulation, design, sizing and analysis of a vapor compression refrigeration cycle, using it, input parameters are fixed and a number of predefined arrangement cycles can be solved. Regarding commercial software, it is worth mentioning the ART (Advanced Refrigeration Technologies) [18] . This represents a wide software for analysis and optimization of refrigeration and air conditioning based on vapor compression. Cycle_D is another software that allows simulating the performance of refrigeration cycles, whether they are subcritical or transcritical, in which is possible to include modifications to the cycle like employing an intermediate exchanger [19] . Another educational simulator is presented [20] , in this study a refrigeration cycle simulator is used. The simulator is prepared in such a way that the interrelation between each component, the system and the surroundings can be analyzed by the students. The simulator is also found to be a crossroads for several subjects, giving an integral picture of the thermal-fluid courses. Another paper describes and evaluates the validation of a novel software package, which simulates the transient and steady-state operation of whole refrigeration systems [21] . This software allows practitioners to study the implications of the design choices in terms of energy usage and carbon generation in the storage and processing of foodstuff by refrigeration. A spreadsheet application for data filtering and energy analysis, which has applications in research and experimental evaluation of the energy performance of alternative refrigerants, is presented in [22] . The resulting application is user friendly (for engineering students, researchers, etc.), even without VBA programming and interaction of dynamic libraries of REFPROP knowledge by the user. In this paper, a friendly virtual test bench developed in EES (Engineering Equation Solver) software for educational purposes is presented. The graphic simulation is the application of a physical model of an experimental vapor compression system previously developed and validated. The main contributions of this paper into this field are: · The virtual bench is robust enough, which demonstrates a suitable approximation to the actual energy performance of the experimental installation, in which the development has been based. · The simulator uses easy access input data in this type of installations, which only allows the user to manipulate real operational conditions. · The simulator includes the incorporation of alternative refrigerants such R1234yf substitute ideal of R134a, also of refrigerant R407C. · The use of this simulator allows students to perform analysis and synthesis of the fundamentals of subjects as: refrigeration and air conditioning, thermodynamics and heat transfer; all of this improves their training and preparation for using this type of refrigeration system.
Description of the experimental test bench
The refrigeration test facility (based on vapor compression technology) that was used for developing the education simulator is shown in Figure 1 .
The experimental facility consists of a vapor compression circuit and two secondary fluids circuits. The vapor compression circuit is a single-stage vapor compression system using R134a, R407C and R1234yf as working fluids, with an open type variable speed compressor, a shell-and-tube evaporator in which the refrigerant flows inside the tubes and a brine water-propilenglycol (65/35% by volume) is used as secondary fluid. A shell-and-tube condenser with refrigerant flowing along the shell is used and the water inside the tubes as secondary fluid. Finally, the installation has a set of expansion valves. The experimental facility is completed with two secondary circuits: a condensing water loop and a load simulation system, which allow changing the evaporating and condensing conditions. The load simulation system consists of a tank with electrical resistances, which permit to control the thermal load of the evaporator thanks to a variable speed pump and temperature control. The condensing system is used to fix the water conditions at the condenser using a commercial chiller with variable speed pump. The experimental setup is fully instrumented with sensors to measure key variables such as pressures, temperatures, volumetric and mass flow rates, compressor speed and energy consumptions. The pressure transducers have an uncertainty of ±0.1%, while the temperature sensors are calibrated with an uncertainty of ±0.5K. The volumetric fluid rates are measured with electromagnetic flowmeter with an uncertainty of ±0.33% and the refrigerant mass flow rate is measured using a Coriolis-effect mass flow meter with a certified accuracy within ±0.22% of reading. The energy consumption is measured with digital wattmeter with a calibration specified uncertainty of ±0.5%. The compressor rotation speed is also measured using a capacitive sensor with an uncertainty of ±1%. The signals generated by all the sensors, as well as those provided by the measuring devices, are gathered by a National Instruments SCXI 1000 PC-based data acquisition system. Table 1 shows a range of operating main conditions in the experimental facility.
Philosophy of the model
The educational simulator is built on the characterization of the experimental facility developed [23] , which is based on physical principles such as mass and energy balances, incorporating empirical correlations established through the testing, manufacturer's data and the thermal analysis of heat exchangers based on the ε-NTU method. The mathematical expressions established during the characterization of individual components are programmed in the EES software, which includes subroutines for estimating thermodynamic and transport properties of various refrigerants. It is noteworthy that the validation of the model was within percentage of errors of ±10% at all main energy parameters. Figure 2 shows the proposed structure for the model; it also indicates the input parameters such as inlet temperatures and flow rates of secondary fluids, compressor rotation speed, superheating degree, and type of refrigerant, environment temperature and percentage of concentration of the brine (water-propilenglycol). The energy performance is predicted from the input parameters. The model is also able to predict the characteristic of parameters of the main components such as heat transfer, power consumption, heat transfer area, efficiencies, among others. Terms are commonly used by mechanical engineering students in courses of the thermal area, which cause this simulator to present more useful information than other simulators for educational purposes.
Virtual test bench: application graph
Based on the appropriate validation of the developed physical model for the experimental installation in all of its energy parameters (COP, energy consumption, working pressures, temperatures, etc.), we now proceed to develop the virtual test bench in the EES software getting a graphical simulator oriented to educational purposes. Thus, this simulator will predict performances closer to the real functioning of the installation. It is important to notice that the results or performances obtained by the simulator are based on a range of real operational conditions previously validated within the already mentioned software [23] . The professional version of software EES provides a drawing environment where the user can create a graphical representation of the system under study, drawing external applications that can be loaded in this environment. The application is oriented from an academic point of view and it is focused on teaching the vapor compression system, as well as theoretical knowledge and experimental skills on energy management of such facilities. In general, the graphical application allows driving the behavior of the facility in a wide range of operating conditions in a graphical way, providing the students a greater understanding of such systems under different operating conditions and type of refrigerant. Thus, the screens of the application developed are described in the next section. Figure 3 shows the startup and main screen of the graphical application. It is possible to observe the basic vapor compression cycle through its four components: compressor, condenser, expansion valve and evaporator. In addition, secondary circuits with which the operating conditions of the refrigeration system are set in both heat exchangers are illustrated. In general, this screen shows the main input parameters to the installation (shown in a box). The range of magnitude of these parameters was specified in Table 1 .
Simulator Features
In this main screen, the student has the option to choose a working fluid, thus allowing the student to perform a comparison of the energy performance of the installation working with different fluids (R134a, R407C and R1234yf). Once the student or user enters the appropriate parameters, that is to say, within an operational range and makes the selection of the refrigerant, by pressing the calculate button, the simulation is obtained. In bold blue, the most representative output parameters of the system are presented such as evaporation and condensation pressure, outlet temperature of the secondary fluids, refrigerant mass flow rate, and energy performance. In addition to this screen, the students can see the main parameters in relation to the input in a graphical way by clicking ''show plot'' button. For instance, Figure 4 shows the behavior of the COP as a function of the condensing water temperature, T sc,in . Students must conclude that the water temperature at the entrance of the condenser considerably affects the energy performance of the system. The best performance is obtained when the temperature of the water is relatively low, where it is possible to reach a COP close to 3.6, when working with refrigerant R134a. When the water temperature increases, there is an increase in the temperature of condensation that results in a higher compression ratio along with a lower cooling capacity, which produces a poor energy performance. In this way, students can analyze various behaviors by clicking on buttons located in the navigation bar, where they can observe the main variables that were introduced and the parameters involved in the system's energy analysis. Through these simulations, the student should be able to understand the behavior of certain parameters, locate optimal operating points, as well as adequately explain the influence of the proposed operating conditions. Thus, in the study of these graphs the student will be able to start the installation with the argument for energy and environmental improvements with the use of R1234yf in comparison with R134a. To return to the first screen there is the ''home'' button. Additionally, the students have the option to print and save the simulations with the option located at the main screen.
Moreover, from the main screen the student can analyze the characteristics' parameters of the components by simply clicking on the scheme components such as compressor, condenser and evaporator. This allows students to access other screens for visualizing and analyzing the behavior of the component through their characteristics parameters. Figure 5 illustrates the thermal behavior of the evaporator. Again, these simulations were performed using the input parameters set by the user in the main screen (see Figure 3) .
Thus, in this screen the characteristic parameters of the evaporator are present, which have been modeled by dividing it in two zones associated with the state of the refrigerant: evaporation and superheating. First, on the left hand of the evaporator scheme, it is shown parameters as: evaporation pressure, P evap , evaporation temperature, T evap , cooling capacity, Q evap , outlet temperature of the secondary fluid (brine), T se,out , and the heat transfer area of each zone, Q rec and Q evap , with the respective efficiency, Ɛ, in each zone. Second, on the right hand, the screen graphically displays the influence of the volumetric flow rate, C se , and temperature of the brine, T se,in , on the cooling capacity of the system. In this section, the student has the opportunity to apply the fundamentals seen in subjects as heat transfer and thermal design to check the results obtained by the simulator, and explain the reasons of the behavior. Again, the student can choose to print or return to the main screen to analyze other operating conditions or behavior of components. The condenser and evaporator are analyzed in a similar manner. Three regions associated with the condition of the refrigerant characterize the behavior of the condenser: desuperheating zone, condensation and subcooling zone. Figure 6 shows the energy behavior for the condenser, representing the main characteristic parameters of the equipment and the influence of the input parameters of the secondary fluid on the thermal power component. The student can compare the parameters of different zones and graphical behaviors.
Finally, Figure 7 shows the operation of the compressor. This screen illustrates the temperature of the refrigerant at the inlet (suction line), T 7 , and outlet temperature (discharge line), T 1 , of the compressor, as well as, the compressor energy consumption, Pot comp , and its volumetric efficiency, η v , and global efficiency, η comb . The global efficiency includes the electromechanical and transmissions inefficiencies as well as the inefficiencies that occur inside the compressor as a result of friction. The graphic behavior of efficiencies is a function of variables such as compression ratio, rp, and compressor rotation speed, N. In this way the student is able to understand each component, as well as the overall facility. Also, this screen contains buttons for printing and analysis back to the beginning. Thus, it allows the performing of the necessary simulations under different operating conditions.
Educative experience
The application of the virtual test bench of the refrigeration system may be a user-friendly application to engineering students. In this context, engineering educational programs seek to use software or simulators in different areas to help reinforce the student's education. Currently computer technology allows improving tools that optimize the degree of interactivity and the level of information retention in the teaching-learning process. Subjects as thermodynamics and heat transfer are areas of huge significance in the academic development of mechanical engineering students with specialization in thermal fluids. To evaluate the use of the simulator as means of virtual laboratory, 26 intermediate students (third year) were included in the subject of Refrigeration and Air Conditioning, which is given for a period of 12 weeks, with three hours of class per week. The purpose of using the virtual test consisted primarily of: i) to define the simple configuration of the experimental setup, ii) to assign a conventional refrigerant as the working fluid (R134a), iii) to study and load of the file under certain operating conditions, iv) when the thermodynamic steady state was evaluated, the student must reproduce the information obtained in respect to the energy performance of the facility, COP. The students should also reproduce the main parameters of the heat exchangers as thermal power and efficiency. Finally, the student must repeat the above steps, but now, by assigning an alternate refrigerant as R1234yf or R407C, in order to compare the energy performances between the refrigerants while corroborating what was found in the literature regarding the tendency of alternative refrigerants. It is important to mention that initially the virtual bench was loaded to work with R134a, whenever students require changing the refrigerant. They should also research and explore adequate conditions for the use of the simulator with other refrigerants. Thus, 73% of students who used the virtual test bench achieved the same results by using expressing thermodynamic and heat transfer equations for each element of the installation. The student group concluded that the virtual test bench is easy, but under a prior knowledge of the theory of vapor compression systems; in addition, the simulator displays particular parameters of heat exchange equipment and comprehensive information about the performance of the compressor, all these aspects strengthen the student's formation. On the other hand, in order to evaluate the academic performance of the students that utilized the virtual bench, it can be broadly mentioned that an increase in the use of theoretical concepts was noticed in the students group. Due to the explanation the students were asked to develop on the different energy performances of the installation, they also have to reason the influence of the input parameters (operational conditions) to the system. Moreover, it was decided to organize groups of 10 students each, randomly assigned; the first group took the course of Air Conditioning and refrigeration in which they used the virtual bench as practice guide, while the other group did not use the use the tool. With this evaluation in a simple way, it is concluded that the students who learned and used the simulator obtained a higher average achievement of about 16%, in respect to the group of students who did not use the virtual bench. Finally, the use of the virtual bench can encourage students to make their own decisions when facing a real situation and begin to develop skills that a plant engineer should process. The simulator for education becomes a useful tool to achieve more active classes, task scheduling analysis, technical discussions and integration of knowledge in the laboratory.
The simulator is available to students via web site (http://www.ingenierias.ugto.mx/profesores/belman/documentos/).
Conclusions
In this paper an educational virtual test bench for a vapor compression system developed in EES software was presented. The simulator allows the prediction of the refrigeration system performance using input variables. Specifically, the input variables of the simulator are: the compressor rotation speed, the volumetric flow rates, and the temperature of the secondary fluids (at the evaporator inlet and at the condenser inlet). The main conclusions about this paper can be summarized as follows: · The simulator is very robust because it can be used with a wide range of operating conditions. · The resulting application is simple and user friendly for a wide range of people, namely engineering students. · The student can see many situations, explore what happens in different conditions and, in general, see things developed on the screen as a result of the inputs. · The simulator is oriented, in addition to teaching, to management and understanding refrigeration systems. The use of the simulator is a simple way enabling students to interact in a main screen that represents the vapor compression system refrigeration. · This application results in a useful tool in the area of refrigeration research because it responds to the need for quick data analysis and evaluation of the performance of the system. This tool can be used in engineering education in order to strengthen the knowledge about the study of refrigeration in vapor compression system, additionally to subjects as thermodynamics, heat transfer and thermal design.
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